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Local dwarf spheroidal galaxies (dSphs) are nearby dark-matter dominated systems, making them
excellent targets for searching for gamma rays from particle dark matter interactions. If dark matter
annihilates or decays directly into two gamma rays (or a gamma ray and a neutral particle), a
monochromatic spectral line is created. At TeV energies, no other processes are expected to produce
spectral lines, making this a very clean indirect dark matter search channel. With the development
of event-by-event energy reconstruction, we can now search for spectral lines with the High Altitude
Water Cherenkov (HAWC) Observatory. HAWC is a wide field of view survey instrument located
in central Mexico that observes gamma rays from <1 TeV to >100 TeV. In this work we present
results from a recent search for spectral lines from local, dark matter dominated dwarf galaxies using
1038 days of HAWC data. We also present updated limits on several continuum channels that were
reported in a previous publication. Our gamma-ray spectral line limits are the most constraining
obtained so far from 20 TeV to 100 TeV.
∗ amalbert@lanl.gov
I. INTRODUCTION
Several pieces of observational evidence suggest the
majority of the matter in the Universe is composed of
dark matter (DM) [1–3]. Many theories predict DM is
2composed of fundamental particles of which Weakly In-
teracting Massive Particles (WIMPs) [4] are the most
promising. These particles typically annihilate or decay
to Standard Model particles that cascade and produce
stable secondary particles like gamma rays. While most
annihilation or decay channels (e.g.χχ −→ bb¯) produce
a continuum of gamma rays, if the DM annihilated di-
rectly into a gamma ray and a second neutral particle
(X) it would produce gamma rays with a specific energy
depending on the mass of the DM particle (mDM) and
the second particle (mX):
Eγ = mDM
(
1−
m2X
4m2DM
)
. (1)
This is derived using energy conservation and assuming
that the DM is cold (non-relativistic). Also we used the
standard particle physics convention of c = 1.
These DM annihilations produce a monochromatic
spectral emission line in the gamma-ray energy spectrum.
This is a sharp spectral feature as opposed to the con-
tinuum emission expected from most other annihilations,
for example annihilations to a pair of b quarks. For an-
nihilation, if the second particle is another gamma ray,
then the spectral line energy would be the mass of the
DM particle, giving us both evidence of DM interactions
and information about the particle nature of DM. For
TeV gamma rays, no other process is predicted to pro-
duce a spectral line making this a clean DM search chan-
nel. However, the process is predicted to be heavily loop
suppressed, with a branching fraction ∼ 10−4 [5–8].
Indirect DM searches like the one presented here are
aimed to detect gamma rays from DM interactions in cos-
mic sources. Therefore dwarf spheroidal galaxies (dSphs)
in the Milky Way dark matter halo are one of the most
promising targets for indirect DM searches given their
proximity and high DM content [9]. Previous searches
for TeV gamma rays from dSphs by the High Energy
Stereoscopic System (H.E.S.S.), the Very Energetic Ra-
diation Imaging Telescope Array system (VERITAS), the
Major Atmospheric Gamma-ray Imaging Cherenkov Ob-
servatory (MAGIC), and HAWC have resulted in null de-
tections. There were both searches for continuum emis-
sion [10–15] and spectral lines [12, 16]. H.E.S.S. has also
looked for spectral lines in the inner Galactic Halo [17].
II. DATA AND ANALYSIS
Here we search for spectral lines from 1 to 100 TeV
from 11 dSphs using 1038 days of data from HAWC.
We also present a search for continuum emission from
dSphs in App. A that is an update from the limits pre-
sented in Ref [15]. With its wide field of view, HAWC
observes 2/3 of the gamma-ray sky each day. It detects
gamma rays with energies from <1 TeV to >100 TeV.
HAWC consists of 300 light-tight water Cherenkov de-
tectors equipped with 4 photomultiplier tubes (PMTs).
HAWC has a >90% up time, allowing it to observe both
day and night. It is located in Sierra Negra, Mexico at
an altitude of 4100 m at latitude 18◦59.7′N and longitude
97◦18.6′W. More information about HAWC can be found
in Ref. [18].
We describe the expected flux (
dφAnn
dEγ
) from a specific
dark matter annihilation model with the following equa-
tion:
dφAnn
dEγ
=
(
〈σv〉
8π
dNγ
dEγ
1
m2DM
)(∫
∆Ω
dΩ
∫
l.o.s.
dℓρ2DM(
~ℓ)
)
. (2)
The first set of parentheses in Eq. 2 combines the DM
particle properties. Specifically, 〈σv〉 is the channel-
specific annihilation cross section and
dNγ
dEγ
is the energy
distribution of gamma rays from each annihilation for
that channel. For DM annihilation to 2 gamma rays,
dNγ
dEγ
= 2δ(Eγ −mDM).
The second set of parentheses in Eq. 2, called the “J-
factor”, is derived from the integral of the DM density
(ρDM) for a given region of interest along the line of
sight. The J-factor is directly proportional to the ex-
pected gamma-ray flux from DM annihilations. The size
of the J-factor depends both on the DM density distri-
bution in the object as well as its distance. Nearby DM
dominated systems have the largest J-factors, and are
therefore the best targets. Here we assume each dSph as
a point source.
We search for spectral lines from 10 dSphs: Bootes
I, Canes Venatici I, Canes Venatici II, Coma Berenices,
Hercules, Leo I, Leo II, Leo IV, Segue I and Sextans.
These were all included in the previous HAWC dSph
analysis [15]. We use the J-factors calculated in Ref. [15].
Four dSphs used in that analysis (Ursa Major I, Ursa Ma-
jor II, Ursa Minor, and Draco) were not included since
they are located at unfavorable declinations resulting in
zenith angles higher than 30◦ relative to HAWC. This
is because the high declination of these sources prevents
the fits from converging. We note that given their high
declinations where HAWC is not as sensitive, similar to
the previous dSphs analysis, these dSphs would not sig-
nificantly contribute to the combined limits [15]. We also
exclude Triangulum II in our DM analysis due to its un-
certain J-factor and the possibility of being tidally dis-
rupted [19, 20]. We do present spectral line flux limits
from Triangulum II, which do not assume a specific J-
factor.
To search for gamma-ray lines we perform a binned
maximum likelihood analysis, with the same analysis bins
described in Ref. [21]. We use a 2D binning of the data.
The first dimension is 9 “fhit” bins similar to the previ-
ous HAWC analysis. The variable “fhit” is the fraction
of available PMTs hit by the airshower. The second di-
mension is 12 quarter decade log10(Eˆ) bins, resulting in
108 bins. See Tab. 1 of Ref [21] for bin details. Similar
to that analysis of the Crab Nebula [21], we only select
events whose core is located on the main array. This
means that not all analysis bins are used since several
3are sparsely populated. For example, the highest energy
events (E∼100 TeV) whose core lands on the main array
overwhelmingly hit all the photomultiplier tubes (PMTs)
(fhit=1), not just a small fraction like fhit = 0.1. We use
the same 37 bins chosen for the Crab Nebula spectral
analysis [21].
In previous HAWC analyses we binned our data in
fhit bins only. The energy dispersion in each bin was
very poor [18] and there was no event-by-event energy
reconstruction. The current HAWC analysis has 2 en-
ergy estimators for each event. One is based on a neural
network (ENN) that uses air shower variables like core
position and shower angle. The other so-called ‘ground
parameter’ is determined from the charge profile across
the PMTs from the air shower ( EGP). For more infor-
mation on the HAWC energy estimators see Ref. [21].
With the new algorithms, the HAWC energy resolu-
tion is greatly improved. We show results using ENN
since that estimator has a better energy resolution [21].
The energy resolution is 44% at 1 TeV and 23% at 100
TeV. Similar results were also attained using EGP. To
approximate the delta function in Eq. 2, we use a gaus-
sian with a width of 0.1 TeV.
We fit for spectral lines from 1 – 100 TeV, which corre-
sponds to DM annihilations directly to two gamma rays
for DM masses from 1 – 100 TeV. We chose the fit ener-
gies to be in steps of half the energy resolution. This is
because this spacing results in missing < 10% of the sig-
nal if the true signal were in between two fit energies [22].
We use the energy resolution derived in Ref. [21] (see Fig-
ure 6 in that reference). This results in 25 fit energies.
Specifically we fit for a spectral line at the following en-
ergies in TeV: 1, 1.43, 1.96, 2.62, 3.44, 4.45, 5.68, 7.13,
8.83, 10.80, 13.07, 15.69, 18.66, 22.02, 25.80, 30.02, 34.72,
40.01, 45.90, 52.54, 60.12, 78.20, 89.14, 101.45 TeV.
Following Ref [15], we calculate the likelihood for a
specific DM model using
L = Πi,j
(Bi,j + Si,j)
Ni,j exp[−(Bi,j + Si,j)]
Ni,j !
, (3)
where Bi,j is the number of background counts, Si,j is
the number of signal counts, and i and j run over the 2D
analysis bins.
We define the best fit DM annihilation cross section
as the value that maximizes L . We then quantify the
preference of the signal model to the background model
by calculating a test statistic (TS)
TS = −2ln
(
L0
L max
)
, (4)
where L0 is the likelihood from the background-only fit
and Lmax is the likelihood from the best fit with the
signal model. We perform the likelihood analysis us-
ing the Multi-Mission Maximum Likelihood framework
(3ML) [23].
III. RESULTS
The largest TS in our line search was TS = 4.47, which
occurred in Segue I at Eγ = 5.7 TeV. When we account
for the fact that we fit for lines at several different en-
ergies, the global significance post-trials is 0.45σ. See
Section 5B of Ref. [22] for more on calculating the global
significance.
Since we did not see any statistically significant spec-
tral lines we will proceed to calculate 95% confidence level
(CL) upper limits [24]. Specifically, we find the energy for
which the log likelihood changes by 2.71/2 [25] relative to
the best fit. First we looked in general for spectral lines
from 1 – 100 TeV, not necessarily produced from DM in-
teractions. The resulting limits for each dSph compared
to the H.E.S.S. results from the Sagittarius dSph [16] are
shown in Fig. 1.
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FIG. 1. 95% CL upper limits on the gamma-ray spectral line
flux as a function of energy for all dSphs. H.E.S.S. limits from
the dSph Sagittarius are shown for comparison [16].
For the DM model specific limits, we assumed DM an-
nihilation directly to two gamma rays (χχ→ γγ). In this
case, mDM = Eγ . To calculate the expected gamma-ray
flux from this channel we used Eq. 2. We fit at the 25
energy (mass) points listed in Sec. II. Figure 2 shows the
95% CL upper limits on 〈σv〉 for all the dSphs in this
analysis.
Since we expect the same DM with the same proper-
ties in each dSph, we calculate a joint limit by combining
the likelihoods of each individual dSph. Figure 3 shows
the observed 95% CL upper limits on 〈σv〉 along with
the expectation from 1000 background only simulations.
The dashed line is the median limit from those simula-
tions and the green (yellow) band shows the 68%(95%)
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FIG. 2. 95% CL upper limits on 〈σv〉 for the individual dSphs.
containment of the background-only limits.
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FIG. 3. Combined 95% CL upper limits on 〈σv〉. Observed
limits (solid black), expected limits (dashed black), and the
68% (green band) and 95%(yellow band) background-only
containment bands are shown. Expected limits and contain-
ment bands were calculated using 1000 background-only sim-
ulations.
Figure 4 compares our joint limits to those obtained
by other spectral line searches in dSphs. Specifically the
VERITAS result combined results from 5 dSphs (Segue
I, Draco, Ursa Minor, Bootes I, and William I) [12],
H.E.S.S. combines 5 dSphs (Fornax, Coma Berenices,
Sculptor, Carina, and Sagittarius) [16], and MAGIC [11],
that uses data from Segue I. Each observatory used over
100 hours of total observation time; specifically VER-
ITAS used 230 hours, H.E.S.S. used 130 hours, and
MAGIC used 160 hours.
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FIG. 4. Joint 95% CL upper limits on 〈σv〉 compared to other
experiments. VERITAS [12], H.E.S.S. [16], and MAGIC [11]
limits are from various dSph analyses (see text for details).
IV. DISCUSSION AND CONCLUSIONS
We present a search for spectral lines from 11 dSphs
from 1 to 100 TeV using 1038 days of HAWC data. The
largest TS occurred at 5.7 TeV in Segue I; the TS was
4.47, corresponding to a global significance of 0.45σ.
Since no significant spectral lines were found, we calcu-
lated 95% confidence level upper limits to the DM anni-
hilation cross section for the channel χχ→ γγ. Figure 2
shows the DM annihilation cross section upper limits for
each dSph we considered. Figure 3 shows the combined
limits from a joint likelihood analysis where each dSph
was weighted by its J-factor. Note the combined lim-
its are dominated by Seg I and Coma Berencies, which
have the largest J-factors. We also calculated the general
spectral line 95% flux limits.
Figure 4 compares our combined limits with those from
other searches for spectral lines from dSphs. Our lim-
its extend the search for gamma-ray spectral lines up to
100 TeV for the first time. Specifically we provide the
strongest spectral line flux limits above 20 TeV. We also
have the most constraining DM spectral line annihilation
cross section limits about 10 TeV from dSphs analyses.
We also show updated limits using the 1038d dataset
relative to the previous 507d HAWC analysis [15] from
the bb¯, tt¯, τ+τ−, µ+µ−, andW+W− continuum channels
in App. A.
HAWC recently expanded its array by surrounding the
main array by a large array of smaller water Cherenkov
tanks called “outriggers”. These outriggers are expected
to increase the HAWC effective area above 50 TeV by a
5factor of 3. It will allow HAWC to more accurately re-
construct the energy of high-energy showers. With the
additional data from the outriggers and continued op-
erations of HAWC, we expect to be able to extend our
spectral line search up to ∼1 PeV in the future.
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6Appendix A: Continuum Limits
In addition to a search for spectral lines from DM annihilation, we also fit for several DM annihilation channels
that create a broader continuum of gamma-rays. We show the 95% confidence level upper limits for DM annihilation
for the bb¯, tt¯, τ+τ−, µ+µ−, and W+W− channels in Fig 5. Note the sensitivity at lower masses for this work is less
than the previous 507d analysis [15] since in this analysis we make a cut that requires the air shower core center to be
in the main array to better estimate the energy. The dips around mDM = 20 TeV in the τ
+τ−, µ+µ−, and W+W−
are from a ≈ 2σ underfluctuation in Segue I that can also be seen in Figure 1.
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FIG. 5. Combined dSphs DM 〈σv〉 95% confidence level upper limits for the bb¯, tt¯, τ+τ−, µ+µ−, and W+W− channels.
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